Mechanotransduction by α-catenin facilitates the force-dependent development of adherens junctions (AJs) by recruiting vinculin to reinforce actin anchoring of AJs.
| INTRODUCTION
The conversion of mechanical forces into biochemically relevant information, referred to as mechanotransduction, underlies a fundamental function of living cells in multicellular organisms involved in maintaining and remodeling tissue/organ shapes, as well as being involved in a range of sensory phenomena (Chalfie, 2009; DuFort, Paszek, & Weaver, 2011; Hoffman, Grashoff, & Schwartz, 2011; Vogel & Sheetz, 2009 ). Studies of molecular devices mediating mechanotransduction are creating a rapidly advancing area of current biology, and results are now implying that mechanotransduction is facilitated by allosteric nature of proteins. Tissue/organ architecture is generated and maintained by the morphogenetic organization of epithelial cell sheets through dynamically controlled adherens junctions (AJs), which contain protein complexes comprising the three core components cadherin, catenins and myosin-actin filament complexes (actomyosin), and transmit actomyosin forces directly to adjacent cells through cadherin-cadherin binding (Harris & Tepass, 2010; Lecuit & Lenne, 2007; Nishimura & Takeichi, 2009 interplay between actomyosin-dependent contractility and force transmission drives tissue remodeling during embryogenesis and differentiation, as well as tissue elasticity or resilience against external forces and tissue renewal in wound healing (Bertet, Sulak, & Lecuit, 2004; FernandezGonzalez, Simoes Sde, Roper, Eaton, & Zallen, 2009; Martin, Kaschube, & Wieschaus, 2009; Rauzi, Lenne, & Lecuit, 2010) .
At AJs, the conserved cytoplasmic tails of E-cadherins bind β-catenin and p120 catenin, and β-catenin binds α-catenin that binds actin filaments (F-actin) (Gloushankova et al., 1998; Ivanov, Hunt, Utech, Nusrat, & Parkos, 2005; Shewan et al., 2005) and other interacting proteins such as vinculin, α-actinin, ZO-1, formin-1, afadin and EPLIN (Harris & Tepass, 2010) . Complex formation is a dynamically regulated process, and a dynamic view of the cadherincatenin-F-actin link has been presented (Chervin-Petinot et al., 2012; . For AJ establishment, α-catenin is an indispensable linker protein (Hirano, Kimoto, Shimoyama, Hirohashi, & Takeichi, 1992; Imamura, Itoh, Maeno, Tsukita, & Nagafuchi, 1999; Torres et al., 1997; Vasioukhin, Bauer, Degenstein, Wise, & Fuchs, 2001; Watabe, Nagafuchi, Tsukita, & Takeichi, 1994; Watabe-Uchida et al., 1998) and is required for the mechanical linkage between the E-cadherin-β-catenin complex and the cortical actomyosin network (Cavey, Rauzi, Lenne, & Lecuit, 2008; Martin, Gelbart, Fernandez-Gonzalez, Kaschube, & Wieschaus, 2010) . Mechanotransduction at AJs is mediated by vinculin recruitment to cell-cell contact sites of AJs in an actomyosin force-dependent manner to establish correct AJ assembly and is followed by the formation of tight junctions (TJs) (Huveneers et al., 2012; le Duc et al., 2010; Miyake et al., 2006) . A recent study has shown that this process is mechanistically mediated by α-catenin through actomyosin force-dependent binding to vinculin, which in turn binds F-actin and reinforces the cadherin-actin link (Yonemura, Wada, Watanabe, Nagafuchi, & Shibata, 2010) . In the absence of tension, α-catenin is in an autoinhibited form, in which the cryptic vinculin-binding site 1 (VBS1) is masked by the following autoinhibitory region (Figure 1a) . Under tension conditions, applied forces unmask the cryptic VBS1 region for vinculin binding by an unknown mechanism (Yonemura et al., 2010) . The mechanoresponsive cadherinactin link mediated by vinculin develops sufficient strength to support traction forces applied by neighboring cells (Thomas et al., 2013; Yonemura et al., 2010) . Intriguingly, this autoinhibition of vinculin binding was observed with a shorter α-catenin fragment, the force-sensing device region, which encompasses the cryptic VBS1 and the following autoinhibition region (Yonemura et al., 2010) .
In recent advances of mechanobiology, vinculin has become to be better known for mechanotransduction of focal adhesions (FAs) by binding to talin that bares multiple cryptic VBSs upon integrin association with the extracellular matrix (del Rio et al., 2009 ). However, the structural, physical and functional nature of α-catenin in comparison with talin has hitherto poorly been addressed in the context of structural studies of α-catenin (Pokutta, Drees, Takai, Nelson, & Weis, 2002; Pokutta & Weis, 2000; Yang, Dokurno, Tonks, & Barford, 2001 ) and talin (Gingras et al., 2005; Izard et al., 2004; Papagrigoriou et al., 2004) . Recently, the crystal structure of human αE-catenin fragment lacking the first 81 residues was determined at 3.7 Å resolution and showed an asymmetric dimer structure (Rangarajan & Izard, 2013) . However, the poor resolution of the reported structure gave no electron density for side chains of amino acid residues important for the autoinhibition and prevents us from identifying the key interactions for autoinhibition and understanding the precise mechanism of the force-dependent structural changes. Moreover, recent studies have showed that monomeric α-catenin acts as an essential physical linker between the cadherin β-catenin complex and the actin cytoskeleton at AJs (Desai et al., 2013) . Thus, monomeric, but not dimerized, α-catenin functions at AJs as a force sensor. Accordingly, dimerization is not required for actin binding as strictly monomeric α-catenin from other species can bind actin (Miller et al., 2013) . Structural studies of a full-length mouse αE-catenin and a complex between α-catenin and β-catenin suggest that the actin-binding domain (ABD) of α-catenin is flexibly linked to the rest of the protein Pokutta, Choi, Ahlsen, Hansen, & Weis, 2014) . Thus, autoinhibited ABD in the dimeric structure (Rangarajan & Izard, 2013) may be artificial and the reported dimeric structure is not the functional structure at AJs. A recent structure of the N-terminal vinculin homology 1 (VH1) domain of αN-catenin shows that dynamic conformational changes in the N-terminal α1-and α2-helices control formation of the β-catenin-bound monomer or unbound homodimer (Shibahara, Hirano, & Hakoshima, 2015) . Here, we present the high-resolution (2.45 Å) structure of the monomeric αN-catenin force-sensing device region that autoinhibits vinculin binding. Based on the structure, we designed α-catenin mutations to endow variable mechanosensitivity and vinculin-binding affinity. We also clarified that a veiled profile of the α-catenin mechanosensing device: the structural autoinhibition of VBS1 is manifested by direct intramolecular association with the autoinhibitory region and, in the absence of the association, the segment containing VBS1 is structurally unfolded to expose VBS1 for vinculin binding. This mechanism of α-catenin mechanotransduction at AJs contrasts with the force-induced unfolding mechanism of talin at FAs (del Rio et al., 2009).
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| RESULTS
| Sample preparation and structure determination
The α-catenin protein contains three conserved vinculin homology regions VH1, VH2 and VH3 (Rudiger, 1998 ; Figure 1a ) and forms multiple helix bundles mostly comprising four α-helices Pokutta & Weis, 2000; Pokutta et al., 2002; Rangarajan & Izard, 2013; Yang et al., 2001) , as found in the vinculin structures (Bakolitsa et al., 2004; Borgon, Vonrhein, Bricogne, Bois, & Izard, 2004) . For convenience, we employ a simple alphabetical nomenclature to refer to the α-catenin regions, which could correspond to helix bundles. Mechanotransduction of α-catenin is mediated by the middle part of the molecule encompassing the three regions E, F and G, each of which forms a four-helix bundle Rangarajan & Izard, 2013) . Region E contains force-dependent VBS1 which is mapped on the minimum region comprising residues 325-360 (Imamura et al., 1999; Watabe-Uchida et al., 1998; Yonemura et al., 2010) . Region G contains the autoinhibitory region, and
in vitro binding assays have shown that although the E and EF fragments could bind vinculin, the EFG fragment is autoinhibited (Yonemura et al., 2010) . Thus, the EFG fragment is the minimum mechanosensing module of α-catenin. Structural studies of the EFG fragment from αE-catenin were hampered by difficulties in sample preparation and crystallization. We found that mouse αN-catenin (83% sequence identity with αE-catenin, Figure  S1 ) could provide better samples for our structural studies. A 45-kDa EFG fragment containing residues 260-632 of αN-catenin (corresponding to residues 262-634 of αE-catenin) was crystallized, and the structure was determined at 2.45 Å resolution (Table S1 ). Moreover, biophysical and structural studies of the vinculin-α-catenin interactions were performed with mouse αΕ-catenin (residues 276-375) encompassing VBS1 and the mouse vinculin D1 (or VH1) domain (residues 1-250), which have been shown to bind VBSs of talin, α-catenin and other proteins Papagrigoriou et al., 2004) . The complex structure was determined at 2.85 Å resolution (Table S2 ).
| The autoinhibited form of the α-catenin EFG fragment forms a Y-shaped assembly similar to that in the full or near-fulllength α-catenin
The EFG fragment uses a Y-shaped structure formed by the three associated helix bundles E, F and G (Figure 1b) .
Helix bundles E and F pack end-to-end and their bundle axes are bent by ~20°, making the stacked ends somewhat open. Helix bundle G is tilted against these helix bundles by approximately 50° and sits on the interbundle region of helix bundles E and F. Our crystal contains four crystallographically independent molecules, which display essentially the same structures ( Figure S2a ). The overall structure of our Y-shaped EFG fragment is essentially the same as the EFG part of the asymmetric dimer of the N-terminal truncated human αE-catenin (PDB ID 4IGG) (Rangarajan & Izard, 2013) , which gave a rms deviation (1.9 and 2.2 Å for each crystallographically independent molecule; Figure S2b ,c), and the symmetric dimer of the full-length mouse αE-catenin ) with a rms deviation (1.6 Å; Figure S2d ). The major deviations are located at loops and helical regions of helix bundle E, because of the poor resolution of the full-length protein crystals resulted in incomplete peptide-chain tracing. Nevertheless, the overall structures are well conserved in both our monomeric and the full-length dimeric forms, which is consistent with the fact that both forms are inactive for vinculin binding without external forces. In our crystal, these molecules form dimers through interactions between helix bundles G, and the formed dimers are associated with the neighboring dimer ( Figure S2e ).
| Cryptic VBS1 is embedded in helix bundle E
Helix bundle E contains residues 271-391 that form a short α1E helix (3.3 turns), followed by a relatively long α1E-α2E loop (nine residues) and three long helices α2E (6.5 turns), α3E (seven turns) and α4E (nine turns). Cryptic VBS1 forms α3E helix, which is incorporated into the helix bundle E by forming salt bridges at the bundle surface and nonpolar interactions with the other α-helices ( Figure S3a ). Helix packing in a ridges-into-grooves mode with a tilting angle of 20° (Chothia, Levitt, & Richardson, 1981; Crick, 1953 ) is observed for a pair of α1E and α2E helices and other pair of α3E and α4E helices. In the helix bundle structure, short α1E helix creates a gap, which is filled by α1E-α2E and α3E-α4E The device comprises three helix bundles E (pink), F (yellow) and G (purple). Helix bundle E contains VBS1 (magenta) in α3E helix and additional tentative vinculin-interactive helical regions α2'E and α4'E (salmon pink). Helix bundle F contains the epitope region (orange, 420-430) for the monoclonal antibody α18 that binds α-catenin in a force-dependent manner in α2F helix. Helix bundle G encompasses the inhibitory region (residues 530-631 of αN-catenin, corresponding to residues 532-633 of αE-catenin). Each bundle displays an antiparallel four-helix bundle with an axis 50-55 Å long and diameter of 25-30 Å and the up-and-down topology in a counterclockwise manner. (c) A close-up view of α1E-α2E and α3E-α4E loops of helix bundle E of αN-catenin. The residue number of αN-catenin plus two gives the residue number of the corresponding αE-catenin residue. Hydrogen bonds are indicated by dotted lines. At the C-terminal end of α3E helix, Tyr349, which participates in the vinculin interaction, is buried inside the hydrophobic core formed by the loops. (d) Surface representation of helix bundles F and G to show docking of the end of helix bundle E (ribbon representation) into the groove formed by bundles F and G. (e) A close-up view of α4E-α1F loop between helix bundles E and F of αN-catenin (green) is compared with the M-fragment of αE-catenin (cyan, PDB ID 1H2G; Yang et al., 2001 ) by superimposing each of the respective helix bundle F. In the M-fragment, α4E-α1F loop is folded and provides nonpolar residues for interaction with α2F helix, whereas α4E-α1F loop of our structure bulges out to interact with bundle G: the protruded nonpolar residue Leu393 participates in direct contacts with α2G helix. The N-terminal end of α4E-α1F loop contains a helix breaker residue (Pro398 of αN-catenin or Pro400 of αE-catenin)
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loops (Figure 1c ). These long loops are flexible with hightemperature factors, implying destabilization of the helix bundle E. As observed in previous structures (Choi et al., 2012; Rangarajan & Izard, 2012) , our vinculin-α-catenin complex also contains the VBS1 helix and two additional short α-helices interacting with the D1 domain ( Figure S4 ). These additional helices are referred to as α2'E and α4'E helices, in relation to our helix bundle E structure of the EFG fragment ( Figure 1b ). Compared to the reported structure (Rangarajan & Izard, 2012) , our structure has shorter α2'E and α4'E helices and lacks the N-terminal additional short (α2"E) helix ( Figure S5 ). Structural superposition shows that α2'E helices are well overlapped, whereas α4'E helix is shifted. In our EFG fragment structure, α2'E and α4'E are located at the C-terminal region of α2E and the N-terminal region of α4E, respectively ( Figure 1b ). However, α2"E helix corresponds to α1E-α2E loop, suggesting that this helix is induced by complex formation and/or crystal packing. In our structure of autoinhibited form, most of the conserved nonpolar residues that participate in vinculin interactions are buried within the hydrophobic core of helix bundle E, implying that autoinhibition is also imposed upon the flanking regions in addition to VBS1. Nevertheless, some nonpolar residues, Val332 and Met350 of α3E helix and Leu316 (α2E), I364 (α4E) and Met292 of α1E-α2E loop, are unusually exposed to the surface, implying a meta-stable state of helix bundle E ( Figure 1c and Figure S3a ).
The C-terminal three turns of long α4E helix is extended out of helix bundle E and incorporated into helix bundle F ( Figure 1d ). Helix bundle F comprises the first short helix (α1F) and three long (7-8 turns) helices and incorporates the C-terminal region of α4E helix to fill the space created by short α1F helix. This C-terminal region of α4E helix is embedded into the hinge between helix bundles G and F ( Figure 1d ) and makes many direct contacts with helices α1G and α2G from helix bundle G and helices α2F and α4F from helix bundle F, as described in detail below. Helices α4E and α1F are connected by a flexible 4-residue loop, which displays a different conformation from the reported structures of M-fragment (Pokutta et al., 2002; Yang et al., 2001) , which is composed of helix bundles F and G, so as to position Leu393 for interaction with helix bundle G and Phe392 (Phe394 of αE-catenin) inside the hydrophobic core formed between helix bundles E and F (Figure 1e ). Thus, this loop seems to contribute to autoinhibition by helix bundle G. The epitope (residues 420-430 of αE-catenin) of monoclonal antibody α18, which preferentially recognizes α-catenin at AJ regions in a force-dependent manner Yonemura et al., 2010) , is located at the middle region of α2F helix and its binding to the bulky antibody seems to be sterically hindered by bundles E and G ( Figure S3b ).
| Helix bundle E is induced by interactions with helix bundles F and G
Our EFG fragment structure indicates that the inhibitory region folded into helix bundle G does not mediate direct physical masking of VBS1 for autoinhibition of vinculin binding. To test whether VBS1-embedded helix bundle E is unstable without direct contacts with helix bundle G, we investigated the structural stability of each helix bundle in solution using circular dichroism (CD), which is useful for monitoring α-helix content of the sample protein ( Figure  S6a) . Surprisingly, we found that the isolated E fragment has extremely low helical content (<20% helicity), in sharp contrast to the high helical content (more than 90%) of the F and G fragments (Figure 2a ). High helical contents were also observed for the EF, FG and EFG fragments. These observations show that the F, G, EF, FG and EFG fragments form helix bundle structures in solution, whereas the E fragment is exceptionally in an unfolded form. Our hydrodynamic data suggest that the isolated E fragment still is as in a globular state, but is in a misfolded state rather than in an extended typical random coil ( Figure S7 ).
Detergent-induced helix-coil transitions using guanidine hydrochloride (GuHCl) showed no structural transitions of the E fragment, although helix bundles F and G displayed sigmoidal transition curves showing structural cooperativity ( Figure 2b ). It is an interesting question why helix bundle E exceptionally is unstable. It should be noted that both α3F and α3G helices possess a kink of ~20°, which enables close helix packing in helix bundles F and G, respectively. This kink of helix is induced by a conserved proline residue, which is lacking in α3E helix ( Figure S8 ). Therefore, helix bundle E fails to form intimate helix packing. Instead, formation of multiple interhelical hydrogen bonds may contribute to stabilization of helix bundle E ( Figure S8 ). Contrary to a wealth of interhelical hydrogen bonds formed in helix bundle E, helix bundles G and F have a few or no interhelical hydrogen bonds. This could be one of reasons to account for the structural instability of helix bundle E.
The EF fragment exhibits higher helical content than the sum of the E and F fragments, suggesting induced formation of α-helices in the E region (Figure 2c) . However, the induced helices showed no typical sigmoidal curve, indicating that the induced helices are unstable. The EFG fragment also contains induced helices compared with the sum of the E and FG fragments (Figure 2d ). Importantly, these induced α-helices display a typical sigmoidal transition curve, suggesting formation of a stable helix bundle structure in the E region of the EFG fragment. Helix bundle stability was compared between the calculated difference (EF-F) between EF and F fragments and that (EFG-FG) between EFG and FG fragments dependent on GuHCl concentration ( Figure S6d) , showing that the induced helix Genes to Cells
bundle E by FG fragment exhibited higher stability than that by F fragment alone. Thus, helix bundle E is induced and stabilized by the presence of helix bundles F and G.
| The interface between helix bundles G and E/F
In our structure, helix bundle G makes direct contacts with both helix bundles E and F, resulting in a total buried accessible surface area of ~1,200 Å 2 . The interactions are mediated by salt bridges, hydrogen bonds and nonpolar contacts forming a hydrophobic core at the interface. We identified several key residues at the interfaces and summarize direct interactions between helix bundles G and E or F in Figure 3a . At the interface between helix bundles G and E (G-E interface), Arg324 (loop α2E-α3E), His516 (α1G) and Arg546 (α2G) form salt bridges and hydrogen bonds with Asp/Glu residues from their counterparts (Figure 3b ).
Especially, Arg324 plays a key role in these polar interactions by forming multiple salt bridges. At the G-F interface, Arg549 (helix α2G) forms a salt bridge/bifurcated hydrogen bonds with Asp501 (α4F) (Figure 3c ). At the interface of three helix bundles G, E and F, several nonpolar residues from each helix bundle participate in the central hydrophobic core (Figure 3c ). Met317 (helix α2E) is located at the center of the hydrophobic core between bundles E and F (Figure 3d ), playing a key role in fixing the mutual orientation of the two helix bundles to form a platform for accommodation of helix bundle G.
| Mutations destabilizing the autoinhibited structure induce forceindependent vinculin binding in vitro
We assumed that stabilization of helix bundle E by the interbundle interactions with helix bundles F and G and destabilization of the helix bundle E by removal of helix bundle G from helix bundle EF through actomyosin-derived forces are the central mechanism of the force-sensitive vinculin binding of α-catenin. To test this idea, the key interactions at the interface were analyzed in vitro first. We used the αE-catenin EFG fragment (residues 276-650) for Close-up view of the polar contacts between helix bundles G and E. Arg324 (loop α2E-α3E), His516 (α1G) and Arg546 (α2G) play key roles in interbundle interactions at the interface by forming salt bridges and hydrogen bonds. (c) Close-up view of polar and nonpolar contacts between helix bundles G and E/F. Arg549 (helix α2G) plays a key role in forming a salt bridge/bifurcated hydrogen bonds at the interface between G and F. Met385 (α4E) participates in forming the hydrophobic core between helix bundles G and F. Leu376 (helix α4E) is a key residue forming the hydrophobic core of helix bundle E. Arg381 (helix α4E) forms a salt bride/hydrogen bonds at the interface between E and G. (d) Close-up view of the nonpolar contacts between bundles E and F. Met317 (helix α2E) plays a key role in forming the hydrophobic core at the interface between bundles E and F. Arg377 (helix α4E) forms intrabundle salt bridge and hydrogen bonds, in addition to water-mediated hydrogen bonds to helix bundle F
mutational experiments to produce variants exhibiting forceinsensitive vinculin binding (Figure 4 ). In our pull-down binding assay, E fragment exhibits very strong vinculin binding but EF fragment weaker vinculin binding, whereas EFG fragment exhibits no vinculin binding (Figure 4) . The observed differential strength of vinculin binding in each fragment is consistent with the differential stability of induced helices.
Mutations of residues that form strong salt bridges at the interfaces, R326E (corresponding to Arg324 of αN-catenin in Figure 3b ) and R551E (corresponding to Arg549 of αN-catenin in Figure 3c ), partially restored vinculin binding, indicating that the autoinhibition is reduced by the mutation (Figure 4) . Mutations of other residues that form salt bridges at the interfaces, R548E and H518G (corresponding to Arg546 and His516 of αN-catenin in Figure 3b ), weakly restored vinculin binding. Destabilization of helix bundle E by M319G mutation (corresponding to Met317 of αN-catenin in Figure 3d ) extensively reduced VBS1 autoinhibition and restored vinculin binding. Furthermore, unfolding of helix bundle E by using the helix-breaking mutation L378P (corresponding to Leu376 of αN-catenin, a key residue forming the hydrophobic core between helix bundles E and F in Figure 3d ) in α4E helix abolished the VBS1 autoinhibition and resulted in very strong vinculin binding comparable to that observed with the E fragment. These experiments provided several mutant α-catenins displaying different degrees of the VBS1 autoinhibition as summarized in Table S3 , allowing us to analyze how different force sensitivity and vinculin accumulation affect AJ properties in vivo.
| Mutations destabilizing the autoinhibited structure induce forceindependent vinculin recruitment at AJs
We tested the mutational effects on actomyosin-induced force-dependent recruitment of vinculin to AJs using αE-catenin-deficient, E-cadherin-expressing R2/7 cells, as previously described (Yonemura et al., 2010) . R2/7 cells stably expressing each mutant αΕ-catenin were established, and all of them showed normal junction formation including continuous TJs (Figure S9 ), indicating that all of these α-catenin mutants can support normal epithelial sheet formation. We then fixed those cells cultured in the absence or presence of blebbistatin, stained them for α-catenin and vinculin ( Figure 5a ) and obtained line-scan data of images focused at the AJ level (Figure 5b) . We analyzed the recruitment of vinculin to AJs as intensity ratios of vinculin and α-catenin in peaks of line-scan data and showed them as histograms ( Figure 5c ). Intensity ratios of vinculin/α-catenin (means ± SEM) of several mutants, which showed a variety of vinculin-binding affinity, are summarized in Table S4 . Introduction of wild-type αE-catenin showed complete inhibition of vinculin recruitment to AJs when force generation by myosin II was reduced with blebbistatin. The vinculin/α-catenin ratios in those cells in the absence and the presence of blebbistatin were 0.20 ± 0.01 and 0.02 ± 0.00 (n = 100), respectively, showing force-sensitive vinculin recruitment by wild-type α-catenin. In contrast, cells expressing mutated αE-catenins showed reduced or no force sensitivity with higher vinculin/α-catenin ratios than the wild type in the normal conditions (0.26-0.87) depending on the site of mutation: the R548E mutant, which weakly reduces force
F I G U R E 4 Mutational effects on in vitro vinculin binding of the αE-catenin autoinhibited EFG fragment. Mutation analysis of key residues
for association of helix bundle G on helix bundles E and F. Pull-down experiments of full-length vinculin with GST-tagged E (residues 276-393), EF (276-510) and EFG (276-650) of αE-catenin were performed. Mutations were introduced into the EFG fragment to examine the effects on vinculin binding. The residue number of αE-catenin minus two gives the residue number of the corresponding αN-catenin residue | Genes to Cells HIRANO et Al. sensitivity, exhibits slightly higher vinculin/α-catenin ratios (0.26) but the L378P mutant, which completely abolishes its force sensitivity, exhibits much higher vinculin/α-catenin ratios (0.87).
In Figure 6 , quantitative data of vinculin/α-catenin ratios in the absence and the presence of blebbistatin are summarized and compared with the in vitro vinculin-binding affinity of EFG fragments (Figure 4) . Each affinity is normalized by the affinity to E fragment that is assumed to completely lack the VBS1 autoinhibition. Obviously, the vinculin/α-catenin ratios are found to be correlated with the in vitro relative vinculin-binding affinity, which is restored by each mutation F I G U R E 5 Mutational effects of α-catenin on force-dependent recruitment of vinculin to adherens junction (AJ) regions. (a) R2/7 cells expressing mutant αE-catenin (1-906) tagged with Flag cultured in the absence (Cont) or presence (Blebb) of 50 μM (−)-blebbistatin for 1 hr were fixed, stained for αE-catenin and vinculin and imaged at the AJ level. Wild-type αE-catenin, R548E mutation at α2G helix and M319G/ L378P mutations at α2E and α4Ε helices are shown. In the absence of blebbistatin, αE-catenin and vinculin are colocalized at AJs in all constructs. However, vinculin accumulation disappeared in wild-type-expressing cells following decreased force generation by blebbistatin, an inhibitor of myosin II, despite the continued presence of αE-catenin. R548E mutation that releases the autoinhibition resulted in lowered force sensitivity in vinculin recruitment. M319G/L378P mutations resulted in high accumulation of vinculin to AJs even in the absence of blebbistatin and showed no force sensitivity. Bar, 10 μm. (b) Line-scan data of α-catenin (green) and vinculin (blue) along the yellow line drawn in each image in a shown at the left of each graph; A.U., arbitrary units. (c) Quantification of recruitment of vinculin to α-catenin in AJs. Histograms show the distribution of the intensity ratios of vinculin and α-catenin in peaks of line-scan data of all constructs in the absence (Cont) and presence (Blebb) of blebbistatin (n = 100). For details of mutations, see Table S4 (a) (b) (c)
to release the VBS1 autoinhibition. Compared with the wild type, the R548E mutant, which retained slightly reduced VBS1 autoinhibition, exhibits a slightly higher vinculin/α-catenin ratio, but a reduced force sensitivity. The R326E mutant, which reduced VBS1 autoinhibition more effectively than R548E, exhibits its vinculin/α-catenin ratio similar to that of R548E, but almost no force sensitivity. Thus, in the current assay system, forces applied at AJs of our R2/7 cells seem to be very weak and mutations that slightly reduce the VBS1 autoinhibition could abolish its force sensitivity. Compared with R548E, R551E and M319G mutants, which exhibit more reduced VBS1 autoinhibition (Figure 4 ), exhibit higher vinculin/α-catenin ratios with no force sensitivity. L378P that exhibits no VBS1 autoinhibition (Figure 4) shows the highest vinculin/α-catenin ratio (0.87 ± 0.01 in the absence of blebbistatin, n = 100) with no force sensitivity (0.89 ± 0.02 in the presence of blebbistatin, n = 100). The double and triple mutants that also exhibit seriously reduced VBS1 autoinhibition show similar high vinculin/α-catenin ratios (ranging from 0.683 to 1.032 with the average 0.84; Table S4 ), suggesting approximately 15% of α-catenin at AJs are inaccessible to vinculin even when the VBS1 autoinhibition is completely released. In summary, the vinculin/α-catenin ratios at AJs measured in vivo were confirmed to be correlated with the binding affinity of vinculin to the α-catenin force-sensing device in vitro ( Figure 4 ). As speculated, destabilization of the helix bundle E by removal of helix bundles G and F appeared very important for α-catenin to recruit vinculin to AJs in vivo in a force-dependent manner.
Recently, it has been shown that vinculin is activated to bind F-actin by binding to αE-catenin (Choi et al., 2012; Peng, Maiers, Choudhury, Craig, & Demali, 2012) . This was confirmed in actin cosedimentation experiments using a mutant full-length αE-catenin (M319G/R326E) that exhibits force-insensitive vinculin binding ( Figure S10 ), supporting the notion that αE-catenin is capable of activating vinculin in a force-dependent manner in cells.
| DISCUSSION
Mechanotransduction by α-catenin at AJs underlies living cells in multicellular organisms involved in maintaining and remodeling tissue/organ shapes. We show details of the action and properties of α-catenin as the force-sensing device with structural and biophysical data. We succeeded to produce modified α-catenin molecules that exhibit variable force sensitivity and vinculin recruitment at AJs.
In 2-D culture of R2/7 cells ( Figure 5 ), the vinculin/α-catenin ratios of wild-type α-catenin are relatively low (0.20), indicating that only approximately 20% of α-catenin molecules at AJs are estimated to be involved in the forceinduced vinculin binding if we assume that vinculin forms 1:1 complex with the α-catenin mutant, M319G/L378P. This result indicates that the forces at AJs in our 2-D culture are relatively weak, probably because the force-sensing device should be designed to response to much more strong forces, which may be applied to AJs in apical constriction during morphogenesis or wound closure.
In our model of mechanical action of α-catenin (Figure 7a ), actomyosin-induced forces remove helix bundle G from helix bundle EF. Without stabilization by helix bundle G, helix bundle E is unstable and unfolded with its VBS1 and flanking regions easily exposed for vinculin binding and activation. We refer to this as the "release of spontaneous unfolding mechanism" for vinculin recruitment/binding to α-catenin at AJs. In sharp contrast to this model, talin VBS1 and 2 are buried within two associated stable helical bundles of rod domains (del Rio et al., 2009; Gingras et al., 2005; Papagrigoriou et al., 2004 ; Figure  S11 ). Therefore, actomyosin-induced forces induce movement of these helix bundles away from each other as carried out in α-catenin but also unfolding of the stable helix bundles to expose VBSs for vinculin binding (Figure 7b ), referred to as the "force-induced unfolding mechanism". Regardless of the order of events, additional forces are required to induce unfolding of the helix bundles of talin, suggesting that forces at FAs should be stronger than those at AJs.
There is no crystal structure of a monomeric full-length α-catenin or that bound to β-catenin, so the position of the EFG fragment with respect to the rest of the protein is not F I G U R E 6 Comparison of the in vivo vinculin/αE-catenin ratio at adherens junctions (AJs) with the in vitro relative vinculin-binding affinity to αE-catenin. Quantification of recruitment of vinculin to αE-catenin in AJs of R2/7 cells is compared with the in vitro vinculinbinding affinity of EFG fragments in the force-free state, shown in Figure 4 . Histograms show the intensity ratios of vinculin and α-catenin in the absence (Control, in blue) and presence (Blebb in cyan) of blebbistatin (n = 100), and the relative binding affinity (in black, the average of six times experiments) of vinculin to each αE-catenin EFG fragment, which is normalized by that to the wild-type E fragment. Each of the relative vinculin-binding affinity to the wild-type E, EF and EFG fragments is shown at the right. The relative vinculin-binding affinity reflects the degree of release from the autoinhibition by mutation known. However, the model of the full-length α-catenin in solution elucidated from small-angle X-ray scattering (SAXS) experiments showed that the protein exists as a rather elongated form in solution , suggesting that the force-sensing device region, EFG fragment, might be only loosely coupled with the rest parts of the protein.
In conclusion, our study illustrates that αE-catenin integrates the three helix bundles E, F and G into one molecular device for the mechanotransduction of actomyosin-induced forces to vinculin activation, which enhances physical links to F-actin to counteract the applied forces. Our findings lead us to further studies such as the quantification of forces needed to expose cryptic VBS1 and the design of α-catenins showing modified force sensitivity useful for the analysis of tissue and organ morphogenesis, a frontier area of contemporary cell biology.
| EXPERIMENTAL PROCEDURES
| Protein expression and purification
DNA fragments encoding mouse αE-catenin (276-375) and vinculin (residues 1-250) were cloned into the pET49b [+] vector (Novagen), and mouse αN-catenin (260-632, EFG fragment) was cloned into the pET47-b [+] F I G U R E 7 Models of force-induced conformational changes in mechanotransducing devices of α-catenin and talin at cell adhesions. (a) The "release of spontaneous unfolding mechanism" of α-catenin at the adherens junction. Part of α-catenin encompassing helix bundles EFG, which functions as a mechanotransducing device is illustrated. Under the application of a force in the direction indicated by the black arrows, α-catenin starts to stretch. First, helix bundle G is dissociated from helix bundles EF. This release of helix bundle E from G triggers unfolding of helix bundle E, which is intrinsically unstable without association of helix bundle G. Once the VBS region of αE3 helix is exposed, vinculin binds to it. This unfolding does not require additional forces but forces can enhance the unfolding. (b) The "force-induced unfolding mechanism" of talin at the focal adhesion. Part of the talin rod containing VBS1 and VBS2 is illustrated. Under the application of a force in the direction shown, helix bundle A is initially dissociated from helix bundle B (tension I). In this state, VBSs are still embedded in the structure of stable helix bundles A and B. These helix bundles begin to unfold under additional forces (tension II), thus exposing their VBS regions for vinculin binding. vector (Novagen). All plasmids were verified by DNA sequencing and transformed into Escherichia coli (E. coli) strain BL21Star (DE3) (Invitrogen) cells for protein expression. Protein expression was performed at 20°C in Luria-Bertani medium containing 0.1 mM isopropyl-β-dthiogalactopyranoside. Cells expressing αE-catenin (276-375) or vinculin (1-250) were harvested, suspended in 20 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl and disrupted by sonication. Following ultracentrifugation, the supernatant was applied onto a Glutathione Sepharose 4B column (GE Healthcare) and then treated with HRV3C protease to remove the GST tag. Eluted proteins were further purified by anion exchange (HiTrap Q HP; GE Healthcare) and gel filtration (Superdex 75 pg; GE healthcare) chromatography. The αN-catenin EFG fragment was purified by Ni-NTA resin (Qiagen), anion exchange (HiTrap Q HP) and gel filtration (Superdex 75 pg) chromatography. For structure determination, the selenomethionine (SeMet)-labeled proteins were expressed in M9 medium containing SeMet under conditions inhibiting the methionine biosynthesis pathway (Doublie, 1997) . Purification procedures were the same as those used for the native protein. For CD measurements, fragments of mouse αE-catenin and human talin fused to a hexahistidine tag at the N terminus were expressed in E. coli and purified in a similar manner as used for that of the αN-catenin EFG fragment. The purified proteins were verified using matrix-assisted laser desorption/ ionization time-of-flight mass spectroscopy (MALDI-TOF MS; Bruker Daltonics).
| Crystallization
Initial crystallization conditions were screened using a Hydra II Plus One crystallization robot (Matrix Technology) with commercial crystallization-solution kits, JCSG Core Suite I-IV and PACT Suite (Qiagen). Crystals of the vinculin-αE-catenin complex were obtained from a 1:1 mixture solution comprising 30 mg/ml of the complex solution 
| Data collection
Diffraction tests of the crystals were performed using a Rigaku R-AXIS VII detector equipped with a Rigaku FR-E X-ray generator. For structure determination, diffraction data were collected at 100 K with the MX225HE detector (Rayonix) on a BL41XU or BL44XU beamline at the SPring-8 synchrotron radiation facility. All data were processed and scaled using HKL-2000 (Otwinowski & Minor, 1997; Tables S1 and S2 
| Structure determination and refinement
Phases of the vinculin-αE-catenin complex were calculated by a multiple-wavelength anomalous dispersion (MAD) method. Selenium positions were located using the program SHELX (Schneider & Sheldrick, 2002) , and phases were calculated and refined using SHARP/auto-SHARP (Vonrhein, Blanc, Roversi, & Bricogne, 2007) . Models were refined through alternating cycles of Coot (McCoy et al., 2007) and REFMAC (Emsley & Cowtan, 2004) programs to 2.85 Å resolution. Phases of the P3 1 21 crystal of the SeMet-labeled EFG fragment were calculated by a single-wavelength anomalous dispersion (SAD) method. Phase combination of SAD phases and the yielded partial structure were performed by Phaser (Murshudov, Vagin, & Dodson, 1997 ). The obtained model was used for molecular replacement of the monoclinic crystal. The built model was refined to 2.45 Å resolution. In the Ramachandran plots using MolProbity (Davis et al., 2007) , no outliers were flagged. The refinement statistics are summarized in Tables S1 and S2 .
| Structure and sequence comparison
Multiple sequence alignments of α-catenin were performed using CLUSTALW (Larkin et al., 2007) . Pairwise structural comparisons were performed using C α -atom positions with the DaliLite server (Holm & Park, 2000) , and structure | Genes to Cells
figures were prepared using the PyMOL Molecular Graphics System, Schrödinger, LLC.
| Circular dichroism measurements
Circular dichroism (CD) spectra were recorded on a JASCO J-720 spectropolarimeter at 20°C. The protein sample solution contained 10 μM protein in 2.5 mM Tris-HCl (pH 8.0) and 20 mM NaCl. In the denaturation experiments, the detergent (guanidine-HCl) concentrations varied from 0 to 4.5 M in 0.25-M intervals. Denaturation curves were obtained from changes in the ellipticity at 222 nm.
| Pull-down assays
Purified vinculin (20 μM) and GST-αE-catenin variants (10 μM) were mixed in 20 mM Tris-HCl (pH 8.5), 150 mM NaCl and 1 mM DTT and incubated at 4°C for 30 min. A slurry of glutathione Sepharose 4B was then added, and the mix was further incubated at 4°C for 10 min. After washing five times, proteins were eluted using 20 mM glutathione in 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl. The eluates were subjected to 15% SDS-PAGE.
| Actin sedimentation assay
Twenty micromolar actin (Cytoskeleton Inc.) in 20 mM TrisHCl (pH 8.0), 150 mM NaCl, 300 mM KCl, 1 mM EGTA and 1 mM DTT containing 1 mM ATP and 2 mM MgCl 2 was mixed with the protein samples at a molar ratio of 1:5 (protein sample to actin), and the samples were incubated at 32°C for 90 min for actin polymerization. Following centrifugation at 20,000 g at 30°C for 90 min, the resulting pellets and supernatants were subjected to SDS-PAGE.
| Sedimentation velocity ultracentrifugation experiments
Sedimentation was performed at 20°C using a Beckman Coulter Optima XLA analytical ultracentrifuge equipped with an An-60 Ti rotor and double-sector centrepieces. Purified samples were dissolved in 5 mM HEPES (pH 6.9) containing 150 mM NaCl and 5 mM 2-mercaptoethanol at a sample concentration of 20 mM and then centrifuged at 30,000 rpm (72,576 g). Radial absorbance scans were measured every 15 min at a wavelength of 280 nm. The resultant data were analyzed using the SEDFIT programs.
| In vivo vinculin recruitment assay
R2/7 cells (subclones of DLD-1 cells [Watabe-Uchida et al., 1998 ] provided by F. van Roy, Ghent University, Belgium) were cultured in DMEM with 10% fetal bovine serum (FBS).
A vector expressing full-length mouse αE-catenin with a FLAG tag at its C-terminus (pCA-αE-catenin-Flag [Abe, Chisaka, Van Roy, & Takeichi, 2004] ) was a gift from M. Takeichi (RIKEN CDB, Japan). All α-catenin mutants were constructed by PCR using this vector as a template. R2/7 cells were transfected with DNA using Lipofectamine 2000 (Invitrogen). To establish stable transfectants, PGK-hyg (Mortensen, Zubiaur, Neer, & Seidman, 1991) was cotransfected with α-catenin-expression vectors, and cells were selected by treatment with 400 μg/ml hygromycin B for 2-4 weeks. Formation of 2-D epithelial sheets was confirmed by staining for Flag tag and ZO-1 with anti-DDDDK rabbit polyclonal antibody, which recognizes the Flag tag (MBL) and anti-ZO-1 mouse monoclonal antibody (T8-754; a gift from Sa. Tsukita, Osaka University, Japan), respectively. Actomyosin-induced force-dependent recruitment of vinculin to AJ regions using R2/7 cells was performed as previously described (Yonemura et al., 2010) . Briefly, R2/7 cells stably expressing α-catenin (1-906) mutants tagged with Flag were cultured in the presence of 50 μM (−)-Blebbistatin (Calbiochem) prepared from a 50 mM stock in dimethylsulfoxide (DMSO) for 1 hr, fixed and stained for vinculin and Flag tag with antivinculin mouse monoclonal antibody (clone vin11-5; Sigma-Aldrich) and anti-DDDDK antibody, respectively. In control experiments, cells were cultured in a medium containing 0.1% DMSO. Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (A11034; Invitrogen) and Alexa Fluor 546-conjugated goat anti-mouse IgG antibody (A11030; Invitrogen) were used as secondary antibodies. Images were taken using an Olympus BX51 microscope equipped with a CCD camera (ORCA ER, 1,344 × 1,024 pixels; Hamamatsu Photonics) controlled by the software package IPLab Spectrum version 3.5.4 (Scanalytics). A UPlanApo 40×/1.00 lens was used. For line-scan analysis and statistical analysis, MetaMorph version 7.7.5 (Molecular Devices) and Microsoft Excel (Microsoft) were used, respectively.
ACCESSION NUMBERS
Structure coordinate and structural factor are deposited in the Protein Data Bank under accession numbers 5XFL (the autoinhibited form of αN-catenin) and 5Y04 (the complex of the vinculin D1 domain and αE-catenin 
